Peptidoglycan consists of GlcNAc-MurNAc glycan strands covalently bound to peptide side chains (1) . It is one of the most important cell wall components for many microorganisms as it acts as a protector toward various environmental conditions. Peptidoglycan can be modified by several cell wall hydrolases and deacetylases (2) .
Several GlcNAc deacetylases have been characterized including chitin deacetylases that modify chitin (GlcNAc polymer) and/or its derivatives (glycol chitin). Deacetylases from
Mucor rouxii (3) , Colletotrichum lindemuthianum (4) and Aspergillus nidulans (5) were able to modify not only chitin but also chitin oligomers such as GlcNAc 6 . Recently, in several bacteria such as Streptococcus pneumoniae (6, 7) , Listeria monocytogenes (8) ,
and Lactococcus lactis (9) , GlcNAc deacetylases have been identified, and it is known that S. pneumoniae PgdA can target not only peptidoglycan but also chitin oligomers as a GlcNAc deacetylase (6, 7) .
Only one MurNAc deacetylase (B. subtilis
PdaA) has been characterized (10) . Previously, our group demonstrated that this deacetylase acts as a MurNAc deacetylase toward spore peptidoglycan to produce a muramic--lactam structure in vivo (10) , and also that it is active toward a GlcNAc-MurNAc polymer in vitro (11) . Blair and van Aalten published the crystal structure of PdaA (12) . However, no other MurNAc deacetylases have been identified.
Therefore, we have further investigated deacetylase activity to better understand the processes of GlcNAc and/or MurNAc deacetylation.
We have identified a unique polysaccharide deacetylase gene, yjeA (renamed pdaC). It is known that this gene is regulated by an essential two-component system, YycFG (13) , which is associated with cell division (14, 15, 16) . We demonstrated that the pdaC mutant is sensitive to lysozyme treatment and that PdaC acts as a GlcNAc deacetylase toward chitin oligomers and as a MurNAc deacetylase toward B. subtilis peptidoglycan.
EXPERIMENTAL PROCEDURES

Construction of Deacetylase MutantsThe
strains, plasmids, and primers used in this study are shown in Supplemental Tables S1 and S2 . and purified from E. coli cells as described previously (20, 22, 23) .
Measurement of deacetylase
activityDeacetylase activity toward several substrates was measured using an F-kit for determination of released acetic acid (Roche).
The sample preparation was described previously (11 Elution was performed for 50 min with a linear gradient of buffer B (from 0 to 50%).
Purification of glycan strands consisting of
PolymerPurification of glycan strands from B.
subtilis peptidoglycan was performed as described previously (11 
had been freeze-dried, they were N-acetylated as described previously (11) . (from 0 to 50%). After the reaction was complete, the sample was boiled for 10 min to inactivate the enzyme. The sample was centrifuged and then the supernatant was applied to a 0.7% agarose gel.
Deacetylation of glycan strands containing
L-Ala-D-Glu side chains (-GlcNAc-MurNAc[-L-Ala-D-Glu]-)
Purification of reduced tetrasaccharide-dipeptides (4S2P)To
purify reduced tetrasaccharide-dipeptide, GlcNAc-MurNAc(-L-Ala-D-Glu)-GlcNAc-Mur NAcr(-L-Ala-D-Glu),
RESULTS
B. subtilis pdaC Mutant is Sensitive toward LysozymeMany microorganisms have polysaccharide deacetylases such as S. aureus
PgdA (6, 7) and B. subtilis PdaA (10, 11, 26) . The deacetylase activity of PdaC toward peptidoglycan was measured by released acetic acid. As shown in Table 1A and Supplemental Table 2 , PdaC deacetylates glycan strands consisting of
The purified glycan strands were deacetylated with or without PdaC, and then the samples were treated with a muramidase, followed by reduction and separation of the sample by RP-HPLC. In Fig. 3A , the "Without PdaC" sample contained two major peaks (1 and 3).
Both materials were collected and analyzed by ESI-MS. The peak 1 material in the "Without 
and E, and Supplemental Table S3 ).
The "With PdaC" sample contained not only two materials (peaks 1 and 3), but also additional material (peak 2) (Fig. 3A) . S6A and B, respectively).
The peak 2 material was further analyzed by ESI-MS-MS in the positive and negative modes.
As shown in Fig. 4A and B, each fragment peak corresponded to a fragment of substrate, a deacetylated compound of reduced 4S2P Fig. 4C and Supplemental Table S4 ) though the possibility that the
Ala-D-Glu) cannot be completely eliminated.
PdaC also Deacetylates Reduced 4S2PAfter
glycan strands containing L-Ala-D-Glu had been treated with PdaC followed by muramidase digestion, the main product was deacetylated 4S2P (Fig. 3A) . Thus it was very likely that PdaC deacetylates 4S2P. Identified peak 3 material (reduced 4S2P) as shown in Fig. 3A was utilized as a substrate for PdaC. As shown in Fig. 3B , the "With PdaC" sample contained an additional peak (peak 2) that was identified by ESI-MS and -MS-MS as a deacetylated Fig. S7A and B).
Thus, PdaC was able to deacetylate 4S2P derived from B. subtilis peptidoglycan. To identify the position of deacetylated
Confirmation of MurNAc
GlcNAc by PdaC toward the chitin oligomer, GlcNAc 4 was deacetylated. Then the samples were separated by normal-phase HPLC with a TSKgel Amide-80 column to remove salts and buffer, followed by collection of the peaks containing the tetrasaccharide materials (data not shown). These peaks were further separated by RP-HPLC. As shown in Fig. 6A and B, the non-deacetylated sample contained two major peaks (peaks 2 and 3 in Fig. 6B ) and the deacetylated sample contained an additional peak (peak 1 in Fig. 6A ), in addition to peaks 2 and 3. Peaks 2 and 3 in Fig. 6A (Fig. 6C) .
Moreover, as shown in Fig. 6D , the substrate was identified by
ESI-MS-MS as
GlcNAc-GlcNAc-GlcN-GlcNAc (Fig. 6E) GlcNAc-GlcNAc-GlcN-GlcNAcr (Fig. 6E ).
MurNAc and GlcNAc Deacetylation by
PdaCPdaC has both MurNAc and GlcNAc subtilis peptidoglycan (24) . Initial velocities for GlcNAc 4 and peptidoglycan were measured after 30 min incubation at different substrate concentrations since the rates of released acetic acid from both substrates were constant within at least 30 min (Fig. 7A and B 
Deacetylation toward GlcNAc oligomerAs
shown in Fig. 6 , the product of deacetylated (6, 7, 8) . The other homologue, L. lactis PgdA (Fig. 1) is also identified as a GlcNAc deacetylase in vivo (9) . Moreover, S. pneumoniae R6 PgdA also deacetylates a GlcNAc oligomer, GlcNAc 3 , as a GlcNAc deacetylase (7) . Thus, PdaC is a unique enzyme.
Interestingly, divalent cations strongly affected MurNAc deacetylase (Table 1A and Supplemental reported that B. subtilis peptidoglycan contained both deacetylated muramic acid residues (33% per total muramic acid) and deacetylated glucosamine residues (19% per total glucosamine) (40) . Muramic acid residues have also been identified in peptidoglycans from B.
cereus, B. anthracis and B. thuringiensis (40) and S. pneumoniae (6) . Since PdaC is found in B.
subtilis membrane by proteome analysis (31) and is not detected in the cell surface and extracellular fractions (41, 42) , at least PdaC seems to work on the membrane as a MurNAc deacetylase.
Structural comparison among PdaC, PdaA
and PgdAThe polysaccharide deacetylase domains of PdaC and PdaA in B. subtilis and PgdA in S. pneumoniae R6 are similar (Fig. 1) .
Moreover, the other domains of PdaC are conserved in PgdA (Fig. 1) like PdaC (Fig. 1 ) that are associated with virulence (8, 43, 44) . C. phytofermentas also has the protein similar to PdaC (Cphy_3069)
consisting of the three domains (Fig. 1), however the function is unknown. E. faecalis
PgdA, EF_0108, lacks the three domain structure ( Fig. 1) and is not characterized, though an other deacetylase, EF_1843 has been studied (45) .
It has also been elucidated that several S6A and B) and ESI-MS-MS analyses ( Fig. 4A and B) . ( material was digested with a muramidase, mutanolysin, followed by reduction with NaBH 4 .
The arrow indicates the elution position of reduced 4S2P. 
